Immune escape is a critical gateway to malignancy. The emergence of this fundamental trait of cancer represents the defeat of immune surveillance, a potent, multi-armed and essential mode of cancer suppression that may influence the ultimate clinical impact of an early stage tumor. Indeed, immune escape may be a central modifier of clinical outcomes, by affecting tumor dormancy versus progression, licensing invasion and metastasis and impacting therapeutic response. Although relatively little studied until recently, immune suppression and escape in tumors are now hot areas with clinical translation of several new therapeutic agents already under way. The interconnections between signaling pathways that control immune escape and those that control proliferation, senescence, apoptosis, metabolic alterations, angiogenesis, invasion and metastasis remain virtually unexplored, offering rich new areas for investigation. Here, an overview of this area is provided with a focus on the tryptophan catabolic enzyme indoleamine 2,3-dioxygenase (IDO) and its recently discovered relative IDO2 that are implicated in suppressing T-cell immunity in normal and pathological settings including cancer. Emerging evidence suggests that during cancer progression activation of the IDO pathway might act as a preferred nodal modifier pathway for immune escape, for example analogous to the PI3K pathway for survival or the VEGF pathway for angiogenesis. Small molecule inhibitors of IDO and IDO2 heighten chemotherapeutic efficacy in mouse models of cancer in a nontoxic fashion and an initial lead compound entered phase I clinical trials in late 2007. New modalities in this area offer promising ways to broaden the combinatorial attack on advanced cancers, where immune escape mechanisms likely provide pivotal support.
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Immune escape is the terminal stage of immunoediting, a process that coevolves with oncogenesis
The tumor microenvironment has a vital role in driving malignant development. Immune cells in the microenvironment are particularly important, resulting in both positive and negative consequences for tumor growth. Tumor cells themselves express many aberrant antigens that can promote eradication through immune surveillance. However, this mode of tumor suppression has negative repercussions in the long term, as it applies a selection for cells that evolve mechanisms of immune evasion. This process, termed immunoediting (Dunn et al., 2004) , is one of the leading concepts to emerge in the field of cancer research this century, warranting the attention of all investigators whether or not they are immunologists. In essence, immunoediting is a conceptual veneer atop oncogenesis. Neoantigens presented by transformed cells that have accumulated mutations and epigenetic alterations in oncogenes, tumor suppressor genes and DNA repair genes attract the attention of the adaptive immune system, but by doing so they also generate a powerful selection for cells that can evade immune destruction, which emerge as a result of the genomic instability engendered by these mutations ( Figure 1 ). As a consequence, tumor cells that gain a growth or survival edge in a hostile immune microenvironment also gain the opportunity to evolve ways to 'sculpt' the immune system to retain supportive elements and escape hostile elements. As suggested elsewhere (Prendergast and Jaffee, 2007) , genes driving immune escape may be synonymous with genes defining the peculiar nature of the 'smouldering' inflammatory state that supports cancer progression (Balkwill et al., 2005) . In any case, the immune cells in a tumor microenvironment are important, given striking evidence that the status of these cells may provide better prognostic information than traditional histological cues (Galon et al., 2006 ).
An integrated model of oncogenesis and immunoediting offers other potential explanative powers as well. First, it may provide a deeper understanding of why acquiring the cell-intrinsic traits of cancer-immortalization, tumor suppressor inactivation, growth deregulation, metabolic alterations and resistance to cell death-may yield only unstable, dormant or benign tumors if the immune-shaped cell-extrinsic traitsangiogenesis, invasion, metastasis and immune escape-do not fully evolve (Figure 2 ). The generation of such occult or benign tumors represent the achievement of a state of immune equilibrium by the tumor in which it can stave off but not defeat immune surveillance (Koebel et al., 2007) . This 'fight to a draw' between the tumor and the immune system offers an explanation for the clinical phenomenon of tumor dormancy in which a tumor can persist in a dynamic and viable yet occult pattern for many years (Curtis et al., 1997) . For example, most smokers by the age of 50 may have small dormant lung tumors, only a minority of which will ever develop into clinically overt disease (Swensen et al., 2005) . In such a state, further iteration of mechanisms to strengthen localized and peripheral immunosuppression could be crucial, since the achievement of immune escape may license invasion and metastasis. Put another way, invasion and metastasis may be impossible while immune surveillance prevails outside the immediate microenvironment of the localized primary tumor. Given the documentation of germ line modifier effects for metastasis (Hunter and Crawford, 2006) , it is conceivable that the genetic background of the host in terms of its immune responsiveness may have a dominant impact on the clinical course of disease (for example, Engels et al., 2007) . In summary, one of the general implications of an integrated oncogenesis and immunoediting model of cancer is that cancer as a clinical disease (as opposed to an occult pathology) might be better understood as a progressive disruption of the immune system rather than a disorder of cell growth, survival and movement. In this sense, immune escape may be a pivotal trait of cancer if it acts as an essential gateway to the manifestation of clinical disease.
Immune escape is a modifier of cancer progression
Immune escape was not widely recognized among cancer geneticists or molecular cell biologists as a fundamental trait of cancer until recently (Prendergast and Jaffee, 2007) . In the late 1960s, studies of immune deficient nude mice, newly developed at the time, argued that they had no increased susceptibility to spontaneous cancers. An influential interpretation of these findings was that immunity was not a critical restraint to Figure 1 Integration of immunoediting and oncogenesis during cancer progression. Oncogenesis initiates the formation of transformed cells that are attacked by immune cells as the result of neoantigen presentation. This process of immune surveillance imposes a selection for transformed cells that acquire tactics to escape control. Genetic instability driven by oncogenesis facilitates evolution of strategies for immune evasion or suppression, the latter of which may help tilt the tumor microenvironment from hostile to supportive for tumor cells. As the battle evolves between tumor cells and the immune system, representing the process of immunoediting, a state of immune equilibrium may be achieved that corresponds to a dynamic but dormant disease that is clinically occult. Further iteration of evasion mechanisms to defeat different elements of the immune system may ultimately drive immune suppression beyond the local microenvironment, achieving immune escape and thereby licensing invasive and metastatic behaviors that define progressive disease. Invasion and metastasis may be derivative of immune escape since the former are presumably impotent while immune surveillance prevails beyond the local microenviroment. While mutations may initiate cancer, modifiers and microenvironmental factors including those sculpted by the process of immunoediting may dictate the course of disease. tumorigenesis in mammals. However, this interpretation was flawed by the lack of knowledge that nude mice retain natural killer cells (NK cells), which have potent antitumor activity. Studies of mutated oncogenes discovered in the late 1970s and 1980s tended to reinforce the notion that immunity was not critical for tumorigenesis, based on demonstrations that malignant cells could be created from normal cells in vitro. Through the 1990s, the perspective of many cancer geneticists and cancer cell biologists was that unmutated genes had relatively limited roles in cancer pathophysiology, and it was apparent that overt immune regulatory genes were not mutated in cancer. Later, studies in transgenic mouse models and sound clinical documentation of the reality of dormant cancers forced a greater appreciation of how inflammation and immunity contributed to tumorigenesis. For example, tumors arising in patients who had received a transplant from a donor who years earlier had been cured of cancer were found to be derived from the donor (Curtis et al., 1997) , arguing that occult tumor cells from the transplant could be immunologically managed for long periods as dormant disease until they were moved to an immunosuppressed organ recipient (here, it should be emphasized that the clinical 'cure' achieved in the donor was simply a reduction of the disease to a dormant occult state). In mice, tactics to genetically ablate T-cell function dramatically increased the incidence of spontaneous solid tumors (Shankaran et al., 2001) . These findings demonstrated that adaptive immunity performs an essential tumor suppressor function in mammals. Furthermore, they implied that immune escape is essential for the formation of a tumor. Recent experimental findings directly corroborate the notion that tumor cells can exist in an occult state of immune equilibrium for long periods. In a classical model of chemical carcinogenesis, Schreiber and Smyth and colleagues showed that immune depletion will reveal tumors in mice that will remain tumor free after low doses of carcinogen that are insufficient to trigger tumor formation during the host's lifespan (Koebel et al., 2007) . Evidence of transformed but dormant tumor cells was obtained in animals along with a demonstration that such cells are more immunogenic than those present in frank tumors. Thus, along with other cell-extrinsic traits of cancer, immune escape is an essential trait for the development of progressive disease, acting as a biological modifier to dictate the outcome of an oncogenically initiated lesion that may otherwise be eliminated or be present in an extended occult state of immune equilibrium corresponding to dormancy. Here, the definition of a cancer modifier is broadly defined in pathological terms as a gene that is phenotypically silent unless evaluated in the context of cancer. By this definition, many genes influencing cell-extrinsic traits of cancer-angiogenesis, invasion, metastasis and immune escape-are understood as modifiers that dominate tumor outcomes. In short, while mutations in oncogenes and tumor suppressors start cancer, modifiers and the microenvironment which act later may dictate their clinical relevance (Figure 1 ). Learning how immune escape evolves during the integrated processes of oncogenesis and immunoediting may therefore yield more powerful insights into cancer pathophysiology and therapy than achieved to date.
Emerging mechanisms of immune escape
The field of tumor immunology, which for historical reasons has been mostly separated from mainstream cancer genetics and cell biology for years (Prendergast and Jaffee, 2007) , is presently undergoing a revolution in perspective not unlike that which occurred in cancer genetics during the early 1990s. At that time, it was learned that tumor suppressors were dominant to oncogenes and that oncogene-driven proliferation was contingent upon ablating suppressor functions (indeed, oncogenes were found to drive senescence or apoptosis if suppressor functions like p53 were intact). In an analogous fashion, it has been known that tumormediated immune suppression overrides tactics to stimulate antitumor immunity: triggering an effective response to a tumor neoantigen relies upon ablating an immune suppression function(s). In short, 'getting off the brakes' of a suppressor is essential to 'get on the gas' of an activator, whether one is concerned with cell proliferation or effective immune responses in cancer. Figure 2 Immune escape is a fundamental trait of cancer. Cancer is initiated by genetic and epigenetic changes to a normal cell that permit it to acquire a set of cell-intrinsic traits, including immortalization, sustained growth, loss of suppressor genes, resistance to programmed cell death and metabolic alterations (right side cluster). For an initiated cancer to progress from benign to malignant status, the cancer cell must master restrictions in its microenvironment. To do so it must acquire a set of so-called cellextrinsic traits, including the capacity for invasion, angiogenesis, metastasis and immune escape (left side cluster). Selective pressures against an initiated cancer applied as a result of immune surveillance leads initially to the evolution of immune equilibrium, representing an occult state of tumor dormancy (Koebel et al., 2007) , and subsequently to immune escape, which represents the culmination of immunoediting (Dunn et al., 2004) . While immune escape mechanisms would be expected to interface or overlap with mechanisms driving the other traits of cancer, the weighting between traits is unlikely to be similar. Figure was modified from its original presentation in the seminal review by Hanahan and Weinberg, 2000. A variety of active mechanisms of immune suppression that are elaborated by tumors to drive immune escape have emerged (Zou, 2005; Gabrilovich, 2007) . While tumor cells employ direct strategies for immune escape, such as the IDO (indoleamine 2,3-dioxygenase) mechanism discussed below, many strategies are based upon the subversion of immune cells recruited by the tumor cell to its immediate microenvironment and to the tumor-draining lymph nodes, where tumor neoantigens scavenged by antigen-presenting cells are cross-presented to the adaptive immune system. Cells that may contribute to crucial escape mechanisms include regulatory dendritic cells (DCs), which create tolerance to the antigen the DC is presenting; T regulatory cells (Tregs), which propagate antigenic tolerance (these cells are conceptually similar to what was formerly termed suppressor T cells) and myeloid-derived suppressor cells (MDSCs), which likely comprise a variety of subtypes including perhaps the so-called M2 macrophages, which secrete pro-inflammatory factors supporting angiogenesis, invasion and metastasis (Lewis and Pollard, 2006) . Another cell type that might contribute to the evolution of tumoral immune suppression are mast cells, which through their ability to instruct Treg formation (Lu et al., 2006) may serve an important role in epithelial tumorigenesis (Coussens et al., 1999; Muto et al., 2007; Soucek et al., 2007) . As a group, these immune cells are quite abundant in tumors, tumor-draining lymph nodes and/or peripheral tissues, such as the blood and spleen in tumor-bearing animals, especially in progressive disease.
In regulatory DCs that instruct CD4 þ T cells and prompt tolerance to antigens, B7 receptor signaling pathways are vitally important to immune suppression and tolerance. T-cell contacts made through this coregulatory system operate in parallel to those made by the T-cell receptor. The DC presents two ligands to the T cell, a processed antigen bound to MHC proteins and a B7 molecule that binds CD28 on the T cell. Coregulation by the B7 signal tells the T cell whether to respond to the antigen being presented or not: while stimulatory B7 signals activate a T cell to the antigen, inhibitory B7 signals instruct the T cell to become tolerant to the antigen. In essence, inhibitory B7 ligands define a regulatory DC that will tolerize a T cell to the antigen that is being presented. B7 signaling is complex because it operates in both directions, with the ligand on the DC surface and the receptor on the T cell each sending signals into each cell. This system is vital to limit reactions to self antigens or nonself antigens where tolerance is important (for example, paternal antigens in pregnancy and environmental allergens). In cancer, regulatory DCs are important because they may instruct and recruit Tregs that propagate immune suppression to tumor antigens. Precisely how tumors recruit and subvert DCs and Tregs remains obscure. Nevertheless, several important inhibitory B7 receptor signaling pathways have been implicated in tumoral immune escape, including, for example, those involving the T-cell coreceptors CTLA-4, the prototypical family member, PD-1 and OX-40 (Iwai et al., 2002; Blank et al., 2006; Colombo and Piconese, 2007; Gabrilovich, 2007) . These cell surface molecules present potential therapeutic targets, which could be antagonized by monoclonal antibodies, and in fact clinical development of receptor antagonist antibodies is already underway. Early work on CTLA-4 antagonists in the clinic suggests that augmentation of tumor immunity may occur along with a unique profile of immune-related adverse events, including colitis, hepatitis and endocrinopathies (J Wolchok (MSKCC), personal communication). Such observations touch an old discussion in tumor immunology, which is whether it will be possible (or desirable) to separate antitumor and antiself events, and if not, how one will therapeutically manage the inescapable balancing act entailed. It is with regard to such questions that IDO poses such an interesting subject, because unlike CTLA-4, its disruption by pharmacological or genetic means in the mouse does not cause fulminant autoimmunity.
IDO mediates an important mechanism of immune escape
An interesting development in the mechanistic studies of immune escape has been the discovery of an interface with metabolic alterations, another trait of cancer (Figure 2) . Specifically, important roles in mediating immune tolerance to antigens have been revealed which involve microenvironmental catabolism of the essential amino acids tryptophan and arginine, carried out by the enzymes IDO and arginase I, respectively (Bronte and Zanovello, 2005; Muller et al., 2005b; Muller and Prendergast, 2007; Munn and Mellor, 2007; Popovic et al., 2007) . At present, the role of IDO and tryptophan catabolism has been more deeply characterized. IDO is a single-chain oxidoreductase that catalyzes the degradation of tryptophan to kynurenine, the first step in biosynthesis of the central metabolic regulator nicotinamide adenine dinucleotide. In mammals, IDO does not catabolize excess dietary tryptophan, which is performed by the liver enzyme tryptophan dioxygenase, and nicotinamide adenine dinucleotide levels are not maintained by synthesis but by salvage. The question why IDO was conserved in mammals was addressed by a set of seminal studies from Munn and Mellor and their colleagues, which revealed that IDO modulates immunity by suppressing T-cell activation (Mellor and Munn, 2004) , initially demonstrated in the setting of allogeneic pregnancy (Munn et al., 1998) . T cells appear to be preferentially sensitive to IDO activation, such that when starved for tryptophan they cannot divide and as a result cannot become activated by an antigen presented to them. T cells are also preferentially sensitive to kynurenines and other downstream catabolites generated by the IDO pathway (Fallarino et al., 2002) , which along with tryptophan restriction appears to be important for induction of Tregs and immune suppression (Fallarino et al., 2006; Munn and Mellor, 2007) .
In T cells, tryptophan starvation triggers a Gcn2-dependent stress signaling pathway that alters eIF2a phosphorylation and translational initiation at the ribosome leading to a cell growth arrest (Munn et al., 2005) . Additional effects of this tryptophan catabolism signaling pathway may be mediated by activation of LIP (Metz et al., 2007) , an alternately initiated isoform of the b/ZIP transcription factor NF-IL6/CEBP-b that participates in stress responses (Figure 3) . LIP encodes the bZIP region that mediates dimerization and DNA binding, but because it does not include a transactivation domain, it acts as a natural dominant inhibitor of NF-IL6/CEBP-b. By interfering with gene regulation, induction of LIP as a result of activating the Gcn2-eIF2a pathway may promote Treg function and immunosuppression, for example, by altering expression of key cytokines such as IL-10 or TGF-b (Huber and Schramm, 2006) . The Gcn2-LIP pathway is also induced in tumor cells but its pathophysiological relevance is yet to be determined (R Metz, unpublished observations).
The physiological role of IDO in immunosuppression is dramatically illustrated by the ability of the specific, bioactive IDO inhibitor 1-methyl-tryptophan (1MT) to elicit MHC-restricted T cell-mediated rejection of allogeneic mouse concepti (Munn et al., 1998; Mellor et al., 2001) . Strikingly, this tolerance mechanism is exploited in a variety of pathological settings, including cancer Munn and Mellor, 2007) . Most human tumors overexpress IDO (Uyttenhove et al., 2003) , a finding that probably explains early clinical observations of grossly elevated tryptophan catabolism in cancer patients (Rose and Sheff, 1967) . IDO elevation also occurs in a subset of plasmacytoid DCs in tumor-draining lymph nodes . Recent studies in IDO knockout mice suggest that both sites may be relevant: activation of IDO in either tumor cells or nodal regulatory DCs each appears to be sufficient to facilitate tumoral Figure 3 IDO (indoleamine 2,3-dioxygenase) and IDO2 control a tryptophan catabolism signaling pathway. (a) From tryptophan starvation to LIP activation. By catabolizing the essential amino acid tryptophan, IDO and IDO2 generate kynurenines and other reaction products that can modulate T-cell immunity as well as a local microenvironment that is starved for tryptophan. Little is known as yet of the precise mechanistic effects of the tryptophan catabolites generated. Elaboration of the starvation condition triggers a stress response in local T cells through Gcn2, which responds to amino-acid deprivation by phosphorylating the translation initiation factor eIF2a, leading to a blockade of most translation initiation with the exception of certain factors such as LIP involved in mediating responses to the stress. (b) LIP is a dominant negative isoform of the immune regulatory b/ZIP transcription factor NF-IL6, also known as CEBPb. LIP is an alternately translated isoform of the transcription factor NF-IL6/CEBPb implicated in regulating proliferation and immune response. Starvation responses switch NF-IL6/CEBPb expression from LAP isoforms to the LIP isoform through the use of a downstream translation start site in the mRNA. Encoding only a b/ZIP dimerization domain, LIP functions as a 'natural' dominant negative molecule that disrupts NF-IL6/CEBPb function by competing with LAP isoforms for binding to target gene promoters. Both IDO and IDO2 can switch on LIP, but subsequent restoration of tryptophan levels will only switch it off in the case of IDO, offering a possible mechanism for distal propagation of immune suppression away from the local tumor microenvironment ( Figure 5 ). NF-IL6/CEBPb target genes with relevance to the function of IDO include the immune suppressive cytokines IL-6, IL-10 and TGF-b, which may be upregulated as a result of LIP induction.
immune escape ; GC Prendergast, JB DuHadaway, DH Munn and AJ Muller, unpublished observations). In regulatory DCs, evidence is mounting rapidly in favor of the idea that IDO induction acts in a forward feedback loop to instruct naive CD4 þ T cells to become Tregs, but also to mediate the ability of Tregs to recruit naive DCs to regulatory status (Fallarino et al., 2003 (Fallarino et al., , 2006 Curti et al., 2007; Sharma et al., 2007) (Figure 4) . Thus, by reinforcing a cycle of antigen tolerance IDO may help tilt the tumor microenvironment from hostile to supportive for tumor cells, and also elaborate a peripheral mechanism of immune escape that could facilitate progression to invasive status.
Furthering the notion that IDO has a central role in immune control, recent evidence suggests that the action of widely used immunosuppressant, dexamethasone, relies upon induction of IDO in DCs by reverse signaling through the glucocorticoid-induced B7 inhibitory T-cell coreceptor (Grohmann et al., 2007) . As noted above, an interesting aspect of IDO is its systemic inactivation at the organism level, either pharmacologically or genetically, does not appear to cause autoimmunity. These findings imply that IDO is not involved in tolerance to self but in tolerance to nonself antigens where immune non-responsiveness may be important (for example, such as fetal antigens or environmental antigens in the skin or mucosa), an idea that is developed further elsewhere . In this case, there are major implications for cancer, as triggering immunity to tumor neoantigens but not normal self antigens may be quite useful.
IDO is a key regulatory target for cancer suppression gene Bin1
Recent investigations into how Bin1 attenuation promotes cancer yielded an initial clue into how IDO may become upregulated during tumor formation (Muller et al., 2005a) . Bin1 encodes the prototypical member of the BAR family of adapter proteins originally discovered and named by our laboratory about a decade ago (Sakamuro et al., 1996) . The canonical function of BAR adapters is to coordinate membrane dynamics and signaling processes (Ren et al., 2006) . However, family members including Bin1 and APPL proteins also localize to the nucleus where they have been implicated in transcriptional repression (Sakamuro et al., 1996; Elliott et al., 1999; Miaczynska et al., 2004; . In support of a complex integrative function, >10 alternately spliced isoforms of Bin1 have been characterized (variously termed amphiphysin II or 2 (amph II or 2), ALP or SH3P9). Nuclear localizing Bin1 proteins that are ubiquitous outside the central nervous system interact with c-Myc and suppress its oncogenic activity, both by limiting transformation and facilitating programmed cell death (Sakamuro et al., 1996; Elliott et al., 1999 Elliott et al., , 2000 Ge et al., 1999 Ge et al., , 2000a DuHadaway et al., 2001 DuHadaway et al., , 2003 . Genetic studies in fission yeast point to a conserved stress response function that is linked to transcriptional repression through a Rad6-Set1 chromatin modification pathway (Routhier et al., 2003; . Attenuated expression of Bin1 occurs in many human cancers figure) In the reg DC, expression of IDO is prompted by an autocrine interferon loop under the control of the CTLA-4 pathway, a canonical B7 inhibitory receptor signaling pathway. When a T regulatory cell (Treg) induces IDO in a DC it is converted to a regulatory (inhibitory) state for antigen presentation to T cells. However, a forward feedback loop may also operate in which an IDO þ DC can recruit a CD4 þ T cell to become a Treg. Thus, in tumor-draining lymph node, where tumor neoantigens scavenged by DCs are cross-presented to the immune system, IDO drives a positive loop for production of Tregs and reg DCs that suppress tumor immunity. (Right side of figure) In the tumor cell, IDO overexpression may limit the proliferation and cytotoxic activity of cytotoxic effector T cells, providing a direct mechanism of immune escape. Here, IDO dysregulation is facilitated by attenuation of the cancer suppression gene Bin1, which supports immune surveillance against tumor cells by restricting IDO expression there. Unlike IDO2, which is expressed predominantly in DCs and other antigen presenting cells, IDO is widely expressed and often highly overexpressed in many types of tumor cells. including in breast, prostate, lung and colon cancers, neuroblastoma and melanoma (Ge et al., 1999; Ge et al., 2000a, b; Tajiri et al., 2003; Chang et al., 2007a) . Gene knockout experiments in the mouse indicate that Bin1 has an essential role in anti-inflammation and cancer suppression. In particular, genetic ablation of Bin1 strongly increases the incidence of lung and liver carcinomas during aging (Chang et al., 2007a) . Loss of Bin1 will also cooperate with activated ras to drive the progression of breast and colon carcinomas, supporting a model where Bin1 acts to limit the oncogenicity of c-Myc (Chang et al., 2007b) .
While using genetically deficient cells to investigate how Bin1 mediates cancer suppression, we found unexpectedly that its presence strongly supports T-cellmediated immune surveillance (Muller et al., 2005a) . In syngeneic animals, engraftment of c-myc þ ras-transformed skin epithelial cells produced small slow-growing nodules if Bin1 was maintained, but large aggressive tumors if Bin1 was deleted. Strikingly, in immunodeficient or T-cell-depleted syngeneic hosts, this benefit was abolished, meaning that much of the in vivo benefit to Bin1 attenuation was mediated by escape from T-cell immunity. This finding suggested a basis for understanding why Bin1 attenuation occurs so commonly in cancer cells, namely, that a benefit to immune escape could be gained during immunoediting by selecting for cells with reduced Bin1 function. By inference, loss of a nuclear-based function is critical, because inactivation by a specific RNA missplicing event in cancer cells (exon 12A missplicing) generates inactive suppressor proteins that are excluded from the nucleus (Ge et al., 1999) . The significance of this mechanism of Bin1 attenuation is supported by recent findings that it is mediated by the oncogenic factor ASF (Karni et al., 2007) and that it represents one of the more common missplicing events in human cancer (Xu and Lee, 2003; Roy et al., 2005) .
In exploring how Bin1 loss affects immune escape, we found that Bin1 -/-cells displayed elevated IDO and this elevation was essential to gain the benefits of Bin1 loss to tumor growth (Muller et al., 2005a) . The requirement for IDO activity was demonstrated by using 1MT to inhibit the enzyme: 1MT treatment phenocopied Bin1, restricting tumor outgrowth in immunocompetent syngeneic animals. In contrast 1MT had no effect in either nude mice or syngeneic animals depleted of CD4 þ or CD8 þ T cells. In demonstrating the ability of 1MT to inhibit tumor growth in a T-cell-dependent manner (that is, by de-repressing IDO-mediated immunosuppression), these findings extended earlier evidence that IDO overexpression could facilitate tumor growth (Friberg et al., 2002; Uyttenhove et al., 2003) . Thus, Bin1 appears to support immune surveillance by inhibiting an inhibitor of T cell immunity in IDO. Using mice that are genetically deficient in IDO, evidence has been obtained that its dysregulation in Bin1 -/-tumor cells is critical: Bin1 null tumors grow equally aggressively in hosts that are either wild type or IDO nullizygous, yet inhibition of the IDO expressed by Bin1 -/-tumor cells in the nullizygous host is still sufficient to prevent tumor outgrowth (GC Prendergast, JB DuHadaway, AL Mellor and AJ Muller; unpublished observations). Thus, IDO restriction by Bin1 in the tumor cell contributes to immune surveillance (Figure 3) .
The restrictive effect of Bin1 on IDO occurred chiefly at the level of IDO transcription. IDO elevation in Bin1 -/-cells depends on increased NF-kB and STAT activity, based on the ability of inhibitors of these transcription factors to phenocopy Bin1 action. These observations imply that Bin1 may limit IDO transcription by restricting the nuclear trafficking or activity of NF-kB and STAT, and some experimental support for this model exists (Bild et al., 2002; Muller et al., 2004) . Considering potential intersections with c-Myc, while IDO is not a canonical Myc target gene, it is interesting that transcriptional activation by NF-kB and STAT is antagonized by c-Myc. Furthermore, two recent findings prompt an evaluation of possible effects of c-Myc on IDO transcription by Bin1. First, fission yeast studies suggest that Bin1 supports Rad6/Set1-dependent histone modifications supporting formation of silent heterochromatin that are antagonized by c-Myc . Second, c-Myc is now recognized to control up to 10-20% of all genes in the genome and its activity has been ascribed recently to more global than local effects on chromatin (Knoepfler et al., 2006) . Lastly, among its other oncogenic properties c-Myc has been found to drive immune escape by an undefined mechanism that alters the interferon response (Schlee et al., 2007) . This latter feature is relevant because IDO is a major transcriptional target of interferon signaling and this pathway of IDO activation is known to be under Bin1 control (Muller et al., 2005a) . While further work is needed to understand the regulatory mechanisms linking Bin1 to the IDO promoter, testable models integrating the intersection between trafficking/signaling and nuclear roles of Bin1 now exist.
Anticancer properties of small molecule inhibitors of IDO
The remaining part of the review provides an overview of observations and lessons emerging from translational research on IDO inhibitors; this area has been reviewed recently in more depth elsewhere (Muller and Scherle, 2006; Muller and Prendergast, 2007) . The chemically simple small molecule inhibitor 1MT has been used widely to probe the role of IDO in cancer and other settings. Two initial studies demonstrated that 1MT can limit the growth of tumors where IDO is overexpressed (Friberg et al., 2002; Uyttenhove et al., 2003) . However, the lack of pharmacokinetic analysis in these studies made it unclear whether dosing might have been insufficient to trigger regression of established tumors, as compared to merely limiting tumor growth. Investigations in our laboratory determined that 1MT was stable in serum and that it accumulated to levels consistent with in vivo inhibition of IDO when dosed under conditions that could trigger rejection of an allogeneic fetus (Muller et al., 2005a) . Under the same conditions, we confirmed that 1MT only retarded tumor outgrowth in an established autochthonous mouse model of breast cancer, the MMTV-neu transgenic mouse, where spontaneous and individually immunoedited mammary adenocarcinomas that arise closely resemble human HER2 þ disease (Muller et al., 2005a) . 1MT by itself was unable to trigger tumor regression, suggesting limited efficacy as a monotherapy. In contrast, combining 1MT with paclitaxel or several other cytotoxic chemotherapeutic agents used for breast cancer treatment in the clinic caused rapid regression of established tumors that in the MMTVneu model responded poorly to single-agent therapy (Muller et al., 2005a) . These effects could not be explained by drug-drug interaction, that is, by 1MT increasing the effective dose of the cytotoxic agent, because therapeutic efficacy was increased in the absence of increased side effects (for example, in the case of paclitaxel, it would be reflected by neuropathy as indicated by hind leg dragging in affected mice). In subsequent dose, schedule and route of administration experiments, it was found that a twice daily oral dose of 1MT for as little as 4-5 days was sufficient to produce tumor regressions determined at 2 weeks after enrolling tumor-bearing mice on trial . Important evidence that IDO targeting is essential to 1MT action was provided by the demonstration that 1MT lacks antitumor activity in mice that are genetically deficient for IDO . This key control experiment provides a genetic validation of IDO as an essential target for inhibition by 1MT, with the caveat that other targets acting upstream of IDO might also score similarly.
Why would IDO inhibition cooperate with chemotherapy? It is notable that agents that cooperate with 1MT include 'immunogenic' chemotherapeutics that trigger cell surface trafficking of calreticulin and immune responses to a dying tumor cell (Machiels et al., 2001; Obeid et al., 2007) . Indeed, challenging old assumptions that the therapeutic efficacy of chemotherapeutics is based on the efficiency of cancer cell killing, striking evidence was provided recently that efficacy depends on activation of Toll-like receptor TLR4 by 'alarmin' proteins that are released by cells killed by chemotherapy . Since IDO can be activated by certain TLR ligands (Wingender et al., 2006) , it is conceivable that 1MT may cooperate with immunogenic chemotherapy by relieving an inhibitory effect on TLR signaling in this pathway or by facilitating the movement of proapoptotic/proimmunogenic calreticulin from the endoplasmic reticulum to the cell surface . Irrespective of the mechanism, experiments in the MMTV-neu model confirmed the expectation that immunodepletion of CD4 þ or CD8 þ T cells before treatment abolished 1MT efficacy, establishing that T cells are needed to mediate the effects of IDO inhibition.
Further support of the concept that IDO inhibition is an effective adjuvant to chemotherapy is provided by the similar patterns of efficacy seen with novel small molecule inhibitors of IDO that have been identified recently. When delivered continuously to counter its rapid clearance, the nontoxic inhibitor methyl-thiohydantoin tryptophan displays greater potency but the same pattern of efficacy as 1MT (Muller et al., 2005a) . Similarly, inhibitors of IDO based on the natural product brassinin, a plant phytoalexin with known cancer prevention activity in rodents (Mehta et al., 1995) , display antitumor efficacy in the same patterns as 1MT (Gaspari et al., 2006; Banerjee et al., 2007) . As before, these effects are abolished against IDO nonexpressing tumor cells that are engrafted into either nude mice or IDO knockout mice. In summary, a firm preclinical foundation has been established for the concept that IDO inhibitors will offer utility to enhance cancer treatment.
IDO2 is a biochemically preferred target for inhibition by clinical lead compound D-1MT
The compound 1MT has a single chiral center and it has been used by most investigators in the field as a racemic mixture of the component stereoisomers D-1MT and L-1MT. A single chemical species is typically desirable for clinical translation. Based on its more robust preclinical efficacy, the D stereoisomer of 1MT was chosen recently as a lead compound for clinical development. D-1MT has superior antitumor activity relative to the L stereoisomer in most preclinical models and IDO is genetically required for the antitumor activity of D-1MT . However, at the level of biochemical specificity the distinction between the two isomers is more complicated, with the L isomer but not the D isomer exhibiting activity as a catalytic inhibitor of the purified enzyme . In DCs it is nonetheless clear that both isomers can block tryptophan catabolism, with the D isomer being relatively more active than the L isomer . Nevertheless, in cells other than DCs, some uncertainty exists in how D-1MT may be working.
Three solutions that rectify these observations have been envisaged. First, it is possible that D-1MT is racemized in vivo and that its superior antitumor properties relative to L-1MT reflect better pharmacokinetics. However, no evidence of racemization is known in dosed animals to date and L-1MT is actually the more stable of the two racemers in serum. Second, D-1MT might inhibit a variant isoform of IDO that is expressed selectively by DCs, for example, an alternate spliced or modified form of IDO. By western analysis, one antibody raised to an N-terminal IDO peptide recognizes a slightly larger species in DCs that is constitutive and not interferon-inducible like the smaller species visualized that is more consistent with the known IDO isoform . This observation suggests that a second IDO-related protein may exist in DCs that may not be expressed as widely as IDO in other cell types. Lastly, one could envisage that D-1MT acts through a different target to mediate its antitumor properties.
This last explantion has been corroborated recently by the discovery of a novel IDO-related enzyme, termed IDO2. Significantly, IDO2 is a preferential target for biochemical inhibition by D-1MT compared to the known IDO enzyme (Metz et al., 2007) . IDO2 is the product of a distinct gene, also described as INDOL1 (Ball et al., 2007) , that lies immediately downstream of the IDO gene itself in mammalian genomes. The region of the human genome where the IDO2 gene is located is misannotated and as a result the IDO2 nomenclature is preferred to distinguish fully annotated cDNA and genomic sequences in public databases, including several alternate splice isoforms that exist, as compared to misannotated and partial sequences based on the INDOL1 nomenclature that are also found in the databases. Human IDO2 appears to include a unique 5 0 exon of uncertain significance. Notably, full-length IDO2 is slightly larger than IDO, in both mouse and human, and IDO2 is expressed by DCs in an otherwise much narrower pattern of expression compared to IDO itself (Metz et al., 2007) . These findings are consistent with other evidence mentioned above that DCs have a unique IDOrelated species that is inhibitable by D-1MT, consistent with IDO2.
As noted above, the catalytic activity of the IDO2 enzyme is inhibited by D-1MT but not by L-1MT, which is precisely opposite the pattern displayed by IDO (Metz et al., 2007) . One implication is that the results of the majority of preclinical studies that have used the racemic D, L-1MT mixture should be re-interpreted in light of the possibility that both IDO and IDO2 were inhibited in these studies. A second implication is that inhibiting both enzymes may be beneficial for antitumor efficacy. For example, methyl-thiohydantoin tryptophan inhibits both IDO and IDO2 (Metz et al., 2007) and displays as much or more antitumor efficacy compared to D and L-1MT, when dosed appropriately (Muller et al., 2005a) . A third implication is that the action of IDO2 and IDO inhibition may be linked in a common pathway. As noted above, D-1MT lacks antitumor activity in mice that are genetically deficient for IDO, implying that IDO is an essential mediator of D-1MT action. However, D-1MT is not a biochemical inhibitor of IDO catalytic activity, suggesting that IDO inhibition may be indirectly rather than directly required for D-1MT action. Recognizing the ability of the D racemer to inhibit IDO2, it is possible to rectify these observations by proposing that IDO2 acts upstream of IDO in a common pathway of immune suppression. In this model, IDO mediates IDO2 function such that inhibition of IDO2 by D-1MT will be ineffectual if IDO is absent. The choice of D-1MT as a clinical lead makes careful consideration of the above implications important for future work on IDO2.
In catabolic signaling, IDO and IDO2 exhibit a difference that may have key functional consequences. In cells where LIP is activated due to IDO, restoring tryptophan can relieve this signal and switch off LIP. In contrast, LIP activation by IDO2 is stable and cannot be relieved by restoring tryptophan. As proposed elsewhere (Metz et al., 2007) , this signaling difference may have implications for immune control, namely, that stable activation of LIP in DCs by IDO2 may provide a mechanism to propagate tolerance from a local to a peripheral immune environment, away from an initial site of tryptophan catabolism, for example, to support distal metastasis ( Figure 5 ). In any case, differences in LIP response after its induction by IDO versus IDO2 suggest that the functions of these enzymes may be distinct, even if the outcomes for eliciting local tolerance are similar.
Inactivating polymorphisms in the IDO2 gene are common in human populations
The coding region of the human IDO2 gene includes two nonsynonymous SNPs (single-nucleotide Figure 5 Model for IDO2 in propagating antigenic tolerance from local to distal sites in cancer. In contrast to IDO (indoleamine 2,3-dioxygenase), which is highly expressed in both tumor cells and antigen presenting cells, IDO2 is expressed only in antigenpresenting DCs. IDO expression in cancer cells may be responsible for generation of a tryptophan-starved microenvironment that mediates immunosuppression in the tumor. In the model, IDO2 is essential for conversion of a naive DC to a regulatory DC (reg DC) that can tolerize T cells to a neoantigen. Upregulation of IDO2 in tumor antigen-scavenging DCs by some mechanism would trigger stable induction of LIP. Upon movement away from the local tumor microenviroment to the tumor-draining lymph node (TDLN), these tolerizing reg DCs would recruit naive T cells to become T regulatory cells (Tregs) specific for the tumor antigen being presented on the reg DC. Iteration of a positive feedback would ensue with the instructive action of these Tregs on naive DCs to convert them to reg DCs in an IDO-dependent manner. Two central predictions of this model are that IDO2 is sufficient and perhaps essential along with IDO for production of DCs with regulatory function, and that IDO2 is crucial for cancer progression (that is invasion and metastasis) in an immune competent animal. polymorphisms) that strongly ablate enzymatic activity. One SNP affects a critical contact between IDO2 and the indole ring of tryptophan, reducing catalytic activity to approximately 90%, and the second SNP generates a premature stop codon that completely abolishes activity (Metz et al., 2007) . Notably, both SNPs are commonly represented in human populations, such that as many as 50% of individuals of the European or Asian descent and 25% of individuals of the African descent may lack functional IDO2 alleles (Metz et al., 2007) . This distribution may have a significant bearing on the interpretation of clinical responses to D-1MT (or other drug-like inhibitors of IDO2), as well as on the possible role of IDO2 as a genetic modifier of immune response in cancer and other diseases marked by immune suppression. Thus, knowing the genetic status of IDO2 in individuals enrolled in D-1MT trials may be important to interpret clinical responses. Assuming that IDO2 contributes to immune control like IDO, individuals harboring catalytically inactive alleles of IDO2 may display a reduced capacity for immune suppression and therefore a reduced susceptibility to cancer or cancer progression. In the latter scenario if deficiencies in IDO2 activity reinforce dormancy and immune equilibrium, they would be disfavoring the chance of immune escape and malignant progression. In future efforts it will be interesting to determine the relevance of IDO2 to tolerance and immune suppression in cancer as well as other diseases.
